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Living cells use a variety of regulatory 
network motifs for accurate gene 
expression in response to changes in their 
environment or during differentiation 
processes. In Rbodobacter sphaeroides, 
a complex regulatory network controls 
expression of photosynthesis genes to 
guarantee optimal energy supply on one 
hand and to avoid photooxidative stress 
on the other hand. Recently, we identi- 
fied a mixed incoherent feed-forward 
loop comprising the transcription factor 
PrrA, the sRNA PcrZ and photosynthe- 
sis target genes as part of this regulatory 
network. This point-of-view provides a 
comparison to other described feed-for- 
ward loops and discusses the physiologi- 
cal relevance of PcrZ in more detail. 

Introduction 

Bacterial small RNAs (sRNAs) are widely 
recognized as important regulators of gene 
expression and commonly operate at the 
post-transcriptional level by influencing 
mRNA stability and/or translation. 1,2 The 
combination of transcriptional and post- 
transcriptional gene control by protein 
transcription factors and sRNAs, respec- 
tively, endues bacteria with elaborate 
switches for adaptive processes. Examples 
for regulatory networks consisting of tran- 
scription factors and sRNAs, which either 
concertedly control genes or regulate each 
other, are accumulating; sRNAs extend 
the regulatory scope of the networks and 
alter their dynamics. 3 The combined net- 
works are frequently employed by bac- 
teria to adapt to sudden changes, such 
as upcoming stress factors or changes in 



nutrient availability. Especially bacteria 
living in quickly alternating environments 
have a need for sophisticated fine-tuning 
of gene regulation. In the case of purple 
bacteria like Rbodobacter, the amount 
of photosynthetic complexes is adjusted 
to the given oxygen tension and light 
intensities by a complex network of pro- 
tein factors (Fig. I). 4,5 For example, the 
response regulator PrrA activates tran- 
scription of photosynthesis genes when 
oxygen tension drops. However, it was 
recently shown that the trans-encoded 
sRNA PcrZ (photosynthesis control 
RNA Z) of Rbodobacter sphaeroides is 
transcribed from a PrrA-dependent pro- 
moter and subsequently counteracts the 
induction of photosynthesis genes on the 
post-transcriptional level. 6 This regula- 
tory interplay constitutes a rare example 
of a mixed incoherent feed-forward loop 
(FFL) involving a protein regulator (PrrA) 
and an sRNA (PcrZ), which finally allows 
for balanced expression of photosynthetic 
complexes. In this point-of-view, we will 
compare expression kinetics of PcrZ with 
those of photosynthesis genes and draw a 
comparison to other described FFLs. The 
physiological relevance of PcrZ will be dis- 
cussed in detail. 

PcrZ: First trans-Acting small RNA 
with a role in photosynthesis gene reg- 
ulation. PcrZ is an sRNA with a size of 
136 nt, which seems to be evolutionary 
restricted to R. sphaeroides strains. The 
pcrZ gene is located on chromosome 1 in 
the intergenic region between RSP_0819 
(rhlE2 encoding DEAD/DEAH helicase) 
and RSP_6134 (hypothetical protein). 
Induction of PcrZ expression depends 
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Figure 1. Schematic illustration of the regulatory network controlling photosynthesis (PS) gene 
expression, modified from Mank et al. 6 PrrA activates the expression of PS genes and PcrZ at low 
oxygen tension, whereas PcrZ counteracts the activation of PS genes. PcrZ also reduces, directly 
or indirectly, the amount of AppA, leading to a stronger repression of PS genes by PpsR. 



on the response regulator PrrA, which is 
activated by the sensor kinase PrrB when 
the oxygen tension drops and recognizes 
a fairly well-conserved PrrA-binding 
motif upstream of the pcrZ gene. 6 ' 7 PrrA 
also induces the expression of photosyn- 
thesis genes, like the puc and puf operon 
encoding structural elements of the pho- 
tosynthetic apparatus. 8 Constitutive over- 
expression of PcrZ resulted in a decrease of 
photosynthetic complexes, which was vis- 
ible by a strongly reduced pigmentation of 
cells. Northern blot analysis revealed that 
processing fragments with sizes around 
51-56 nt and different 3'-ends strongly 
accumulated in the PcrZ overexpression 
strain. However, overexpression of the 
51 nt processed fragment was not suffi- 
cient to reduce photosynthetic complexes, 
which leads to the assumption that full- 
length PcrZ represents the functional unit. 
Microarray analysis suggested a negative 
effect of PcrZ on multiple photosynthe- 
sis genes, like RSP_0285 (bchN, encodes 
light-independent protochlorophyllide 
reductase subunit) and RSP_6158 (puc2A, 
encodes protein of the light-harvesting II 
complex). Direct PcrZ binding to bchN 
and puc2A mRNAs was supported by a 
lacZ-based reporter system combined with 
mutational analysis, which also validated 
the repressing effect of PcrZ. Given that 
PrrA induces expression of photosynthe- 
sis genes and, in parallel, PcrZ, which, 
in turn, represses photosynthesis genes, 
the regulatory architecture resembles a 



mixed incoherent FFL. The function of 
this regulatory loop is assumed to balance 
the synthesis of photosynthetic complexes. 
This aspect is discussed below in more 
detail. 

Comparison to other feed-forward 
loops. Regulatory networks control accu- 
rate gene expression and are therefore 
essential to fully adapt to various stimuli 
like stresses or nutrient changes. One 
of these networks is the so-called FFL, 
which consists of a transcription factor 
X regulating a second transcription fac- 
tor Y. Both protein factors jointly regu- 
late the transcription rate of a target gene 
Z (Fig. 2). Whenever one of the protein 
factors (X or Y) is replaced by an sRNA, 
a post-transcriptional regulation level 
is inserted into the FFL. In this case it 
is called a mixed FFL. 9 In Escherichia 
coli and Saccharomyces cerevisiae, one of 
the most common network motifs is the 
incoherent FFL. There are four described 
types of this network motif, which have 
in common that direct (X to Z) and indi- 
rect (X over Y to Z) regulation paths are 
opposite (Fig. 2A) . This type of gene reg- 
ulation allows for speeding up inhibition 
of target gene activation, which is called 
pulse expression. 5,10 This enables accurate 
adaptation to environmental changes. 
Incoherent FFLs that simply include pro- 
tein regulators are common, 10 whereas 
mixed FFLs are rarely known until now. 
Besides PrrA/PcrZ, the RpoE/RybB 
and PhoP/AmgR systems of E. coli and 



Salmonella enterica, respectively, exhibit 
features of incoherent FFLs. During enve- 
lope stress in E, coli RpoE is released from 
the membrane and induces the expression 
of the sRNA RybB and of about 100 other 
genes mainly involved in outer membrane 
modification and repair." Induction of 
three RpoE-dependent genes is counter- 
acted by RybB, closing a potential inco- 
herent FFL (Fig. 2B). In S. enterica, low 
magnesium concentrations lead to phos- 
phorylation of the transcriptional regu- 
lator PhoP, which, in turn, activates the 
expression of mgtC and its aV-encoded 
sRNA AmgR simultaneously. 12 AmgR 
counteracts mgtC expression resulting in 
reduced MgtC amounts (Fig. 2B). 13 In 
all three cases (PrrA/PcrZ, RpoE/RybB 
and PhoP/AmgR), beneficial fine-tuning 
of gene expression is achieved. Another 
FFL is the coherent form, where the direct 
regulation path (X to Z) has the same out- 
come as the overall regulation (X over Y 
to Z). The four different types of coher- 
ent FFLs are illustrated in Figure 2C. 
Coherent FFLs can cause a sign-sensitive 
delay by using either AND- or OR-gates 
to regulate the transcription of target 
genes. 5 In the case of an AND-gate, X and 
Y are required for entire Z transcription. 
If an OR-gate is present, X or Y is suffi- 
cient for Z transcription. Examples for 
mixed coherent FFLs are described in E. 
coli and Staphylococcus aureus. In E. coli, 
the sensor kinase EnvZ monitors changes 
in osmolarity and modulates the activity 
of the transcriptional regulator OmpR. 14 
Phosphorylated OmpR (OmpR-P) mod- 
ulates the expression of its target genes 
ompC and ompF, encoding outer mem- 
brane proteins in a concentration-depen- 
dent manner. 15 ' 16 At high OmpR-P levels, 
ompC expression is activated, whereas 
ompF is repressed. Additionally, OmpR-P 
inhibits MicC and induces MicF expres- 
sion, leading to an enhanced activation 
of ompC and an increased inhibition of 
ompF, respectively (Fig. 2D). 16,17 The mul- 
tifunctional RNAIII from S. aureus acts 
as both activator and repressor of mRNA 
translation. In stationary growth phase, 
the ArgA-ArgC two-component system 
activates transcription of RNAIII. 18,19 On 
one hand, binding of the RNAIII 5 -end 
to a secondary structure, which blocks 
the ribosome-binding side (RBS) of hla 
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(hemolysin a) mRNA, results in trans- 
lation initiation. 20 On the other hand 
RNAIII also binds to rot (repressor of tox- 
ins) mRNA and initiates RNase III cleav- 
age of the sRNA/mRNA duplex. 21 Since 
Rot represses hla, the inactivation of Rot 
by RNAIII further enhances transcription 
of hla (Fig. 2D). 

A special property of mixed FFLs is 
that target genes are regulated simulta- 
neously at the transcriptional and post- 
transcriptional level, leading to a tightly 
controllable inhibition or activation. 22 A 
mixed FFL provides two benefits for the 
cells: (1) responding times in an sRNA- 
mediated manner are much faster com- 
pared with protein regulation because of 
the lack of translation; (2) recovery of a 
target gene, after external stimuli, is faster 
in an sRNA-mediated regulation, which 
clearly depends on the degradation rate 
of the sRNA and the ratio between sRNA 
and mRNA production. 22 Future studies 
will reveal whether more of these sRNA- 
based networks exist, which is clearly 
expected, since the benefits of sRNA- 
mediated regulation are universal in all 
three kingdoms of life. 

Oxygen-dependent expression kinet- 
ics of PcrZ and photosynthesis genes. 
Oxygen tension and light are the most 
important stimuli controlling forma- 
tion of photosynthetic complexes in 
R. sphaeroides. A drop of oxygen tension 
is an activating stimulus and correspond- 
ing expression kinetics of photosyn- 
thetic complexes were first monitored for 
R. capsulatus, which shares many factors 
involved in regulation of photosynthesis 
genes with R, sphaeroides. 13 In R. capsu- 
latus, mRNA levels of photosynthesis 
genes intensely increased after drop of 
oxygen tension, reached a maximum after 
30-60 min and decreased again. A strong 
increase of photosynthesis gene expres- 
sion (e.g., pucBA) is also observable in 
R. sphaeroides, but maximal expression is 
reached only 120 min following the drop 
of oxygen tension. After maximal expres- 
sion levels are reached, we observed only 
a slow decrease of expression in R. sphaer- 
oides (Fig. 3A and B). In the initial phase, 
the expression kinetic of PcrZ is similar to 
that of pucBA, but the factor of increase 
is smaller and a steady increase over the 
time of the experiment was observed 
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Figure 2. (A and C) Structure and regulatory output of incoherent and coherent FFL motifs. Four 
different types (11-14 and C1-C4) are depicted, where X and Y refer to transcription factors (black 
boxes) and small RNAs (gray boxes), respectively. Z reflects target genes of X and Y, modified 
from Mangan and Alon. 9 In the case of the RNAIII FFL, Rot stands on one hand for the rot mRNA, 
repressed by RNAIII, on the other hand for the Rot protein, repressing hla. (B) Schematic picture of 
the PrrA/PcrZ, RpoE/RybB and PhoP/AmgR mixed incoherent FFLs in ft. sphaeroides, E. coli and 5. 
enterica, respectively. (D) Schematic picture of mixed coherent FFLs. The OmpR-based and RNAIII- 
based FFLs from £ coli and S. aureus, respectively, are depicted. 



(Fig. 3A and B). A constitutive overex- 
pression of PcrZ results in elevated levels 
of PcrZ, irrespective of the oxygen tension 
(Fig. 3C and D). 6 As a consequence, acti- 
vation of photosynthesis gene expression 
is strongly reduced and maximal mRNA 
levels of pucBA are not reached within 
240 min after drop of oxygen tension. It 
is likely that the steady increase of PcrZ in 
the R. sphaeroides wild-type helps to coun- 
teract excessive photosynthesis gene acti- 
vation by PrrA. A slight pulse of pucBA 
expression with a maximum at 120 min is 
the characteristic feature of this particular 
incoherent FFL. Overexpression of PcrZ 
consequently eliminates this characteris- 
tic pulse expression. In R. capsulatus, pho- 
tosynthesis gene expression exhibits an 
earlier and more precise pulse, although 
PcrZ is not present. Obviously, this type 
of FFL is not necessarily required for 
inhibition of photosynthesis gene activa- 
tion. The protein-based regulatory sys- 
tem for controlling photosynthesis genes 
is however not identical in the two spe- 
cies and sRNAs in R. capsulatus have not 
been identified. Thus, a different factor 
may take over this inhibiting effect in 
R. capsulatus. 



Transcription activation of PcrZ and 
pucBA is achieved by the same two-com- 
ponent system (PrrB/PrrA). The different 
intensity of expression activation of PcrZ 
and pucBA (Fig. 3A and B) might be due 
to variable recognition elements in the 
PrrA-binding side. 7 A different recogni- 
tion of binding elements in the promoter 
region is also described for the protein 
regulator PhoP in S. enterica. PhoP binds 
to the mgtC promoter with a higher affin- 
ity than to the amgR promoter, since amgR 
exhibits only half of the PhoP-box motif 
in its promoter region. 13 Besides PrrA, the 
puc operon of R. sphaeroides is controlled 
by the PpsR/AppA repressor anti-repressor 
system. Under high oxygen tension, PpsR 
represses transcription of puc genes. 24 
With decreasing oxygen tension, the anti- 
repressor AppA binds to PpsR, which will 
no longer bind to its target promoters. 5 
AppA is redox-responsive through a heme 
bound to its C-terminal SCHIC domain 
and also functions as a photoreceptor by 
sensing blue light through its N-terminal 
BLUF domain. 25 " 28 Since the PpsR/AppA 
system does not act on the PcrZ promoter, 
it might contribute to the observed differ- 
ences between PcrZ and pucBA expression 
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Figure 3. Representative northern blots for pucBA and PcrZ expression kinetics after drop of oxygen tension at time point 0. ft. sphaeroides 2.4.1 wild- 
type (A) and ft. sphaeroides PcrZ overexpression strain (pRKPcrZ) (C) pre-cultures were grown overnight under high oxygen conditions (8 mg/L soluble 
0 2 ) to an OD 660nm of 0.6-0.8 (t 0 ). Samples were collected at indicated time points after a shift to low oxygen conditions (0.5 mg/L soluble 0 2 ). Fifteen 
^g of total RNA were separated on 1% agarose gels containing 2.2 M formaldehyde. For pucBA detection, a specific DNA fragment was radioactively 
labeled with (a- 32 P)-dCTP using the NEBIot kit (New England Biolabs). A 14S rRNA-specific oligonucleotide was end-labeled with <7- 32 P)-ATP and served 
as loading control. In ft. sphaeroides, 23S rRNA is processed to 16S, 14S and 5.8S rRNA fragments by RNase III. 46 ' 47 For PcrZ and 5S rRNA, 7.5 (jig of total 
RNA was separated on 10% polyacrylamide gels containing 7 M urea. PcrZ and 5S rRNA-specific oligonucleotides were radioactively end-labeled with 
(7- 32 P)-ATP and were used for detection. 5S rRNA served as loading control. (B) Quantification of northern blot signals for wild-type (A). (D) Quantifica- 
tion of northern blot signals for pRKPcrZ (C). The mean and the standard error are based on three independent biological experiments. The Y axis to 
the left shows the fold change of pucBA (black squares), the Y axis to the right displays the fold change of PcrZ (black circles). 



kinetics. It should also be noted that in 
R. capsulatus and in R. sphaeroides, the 
half-life of the pucBA mRNA increase 
upon drop of oxygen tension (see ref. 29 
and unpublished results), which also con- 
tributes to a stronger increase of the pucBA 
mRNA level. 29 

PcrZ obviously counteracts an unnec- 
essarily high expression of photosynthe- 
sis genes when oxygen tension drops. 
Interestingly, PcrZ is already expressed 
in considerable amounts when oxygen 
tension is high (Fig. 3A). One charac- 
teristic feature of sRNAs is that they can 
establish thresholds for gene expression 
to avoid that a short, transient stimu- 
lus triggers an inappropriate response. 
Given that the transcription rate of the 
sRNA (a ) is higher than the target tran- 
scription (ct ), while RNA stabilities are 
comparable, all target mRNAs pair with 



the sRNA and translation is abolished. 
After an increase of a and constant 

m 

ct,, all sRNAs pair with its target, how- 
ever unpaired mRNAs are accessible for 
translation. 30,31 In the case of R. sphaeroi- 
des, PcrZ might tightly control photosyn- 
thesis genes under aerobic conditions and 
prevent their leaky expression (a s > a ). 
Slight and transient drops of oxygen ten- 
sion may also be compensated (a s > a ) 
and only strong induction of photosyn- 
thesis genes allows to escape PcrZ repres- 
sion (a < a ). A similar tight control 
was reported for the iron stress-induced 
protein A (IsiA) in Synechocystis species. 
IsiA is produced in high amounts under 
iron-limiting conditions, high light and 
oxidative stress, to form a giant ring 
structure around photosystem I (PS-I) 
and to dissipate excess light energy. 32 " 34 
The isiA gene is under negative control of 



the cw-encoded sRNA IsrR when condi- 
tions are favorable, but escapes repression 
under stress, reflecting another example 
of RNA-based regulation of a photosyn- 
thetic component. 35 Gogol et al. describe 
a mixed incoherent FFL for controlled 
gene expression of yfeK (arrests growth) 
and htrG (cell lysis) in E. coli. n These 
genes are activated by RpoE and down- 
regulated by the sRNA RybB. During 
low levels of stress, the repressing feature 
of RybB is sufficient to block yfeK and 
htrG expression. Increasing stress condi- 
tions, leading to highly damaged cells, 
result in accelerated RpoE expression. 
This overcomes the repressing effect of 
RybB, leading to expression of yfeK and 
htrG followed by cell death. If growth 
conditions get favorable again these cells 
are removed preventing them from com- 
peting for resources. 11 
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Finally, tight control by an sRNA 
might cause retardation of the response 
to the external stimulus, which is indeed 
observed for R. sphaeroides; pucBA induc- 
tion is clearly retarded when compared 
with R. capsulatus, which lacks PcrZ. 23,36 

PcrZ indirectly counteracts photooxi- 
dative stress. Why is regulation of pho- 
tosynthesis genes so complex? The main 
reason might be found in the ATP yields 
of different energy producing pathways. 
Rhodobacter species grow best by perform- 
ing aerobic respiration and photosynthe- 
sis is avoided as long as oxygen tension 
is elevated. Only when oxygen starts to 
deplete, formation of photosynthetic 
complexes is induced, which is mainly 
due to the action of the oxygen-depen- 
dent PrrB/PrrA two-component system. 37 
However, at intermediate oxygen tension, 
photosynthesis genes are still repressed by 
PpsR when blue light, even at very low 
fluence rates, is present. 38 It is speculated 
that under these conditions, generation of 
highly toxic singlet oxygen is avoided by 
keeping bacteriochlorophyll (BChl) lev- 
els low. It was demonstrated that BChls 
can act as natural photosensitizers for the 
light-driven generation of singlet oxygen, 
a situation also known as photooxidative 
stress. 39,40 In general it emerged that per- 
forming photosynthesis in the presence 
of oxygen confronts bacteria with photo- 
oxidative stress due to singlet oxygen pro- 
duction. Cyanobacteria like Synechocystis 
species, which perform oxygenic photo- 
synthesis, permanently produce oxygen 
in the water-splitting complex of photo- 
system II (PS-II), which is consequently 
damaged by singlet oxygen. These dam- 
ages, especially the Dl protein is targeted, 
accelerate selective protein turnover and 
subunit replacement. 41 As mentioned 
above, the IsiA protein is produced in 
high amounts under iron-limiting condi- 
tions, high light and oxidative stress, to 
form a giant ring structure around PS -I 
and to dissipate excess light energy. 32 " 34 
Cyanobacteria obviously have to cope 
with singlet oxygen by constantly repair- 
ing damages and protecting their photo- 
systems, which happens at the expense of 
resources. In contrast, facultative photo- 
trophs like Rhodobacter species have the 
opportunity to avoid extensive singlet 
oxygen generation by reducing BChl 



levels and it is tempting to speculate that 
regulatory systems like AppA/PpsR and 
the newly identified PrrA/PcrZ system 
are in charge of counteracting photooxi- 
dative stress. 5,6,24,27 This idea is supported 
by the observation that under anoxic 
conditions in the light, at the time when 
no singlet oxygen can be generated and 
photosynthesis is used for ATP genera- 
tion, both systems seem to play negligible 
roles, as PpsR is completely inactivated by 
AppA and PcrZ is only expressed at basal 
levels. 4,6 

What comes next? There are still sev- 
eral open questions, which have to be 
followed up in the future. As described 
above, the processed 51 nt 5'-fragment 
of PcrZ alone is not capable of producing 
the photosynthesis-related phenotype. We 
therefore propose that processing is linked 
to the regulatory mechanism. Processing 
of PcrZ could be coupled to degradation 
of its target mRNAs by RNase III as it 
is observed for, e.g., KyhB/sodB interac- 
tion in enterobacterial 2 However, the 
PcrZ processing pattern is normal in an 
RNase III deletion strain of R. sphaeroides 
(unpublished results). A major influence 
of RNase E, which performs initial cleav- 
age, together with 3' to 5' exonucleases, 
which produce the different PcrZ 3'-ends, 
might represent a feasible scenario but 
needs further elucidation. 

Several ^raw-acting sRNAs inter- 
act with Hfq for imperfect base-pairing 
with their targets. 43 We have strong evi- 
dence that PcrZ is not Hfq-associated. 6,44 
However, it is likely that /row-regulation 
of multiple PcrZ targets relies, at least par- 
tially, on an RNA-binding protein, which 
facilitates structural rearrangements as 
well as influences RNA stabilities. The 
rhlE2 gene, which is located upstream of 
pcrZ, encodes a DEAD/DEAH box heli- 
case. The RhlE2 helicase might interact 
with PcrZ in a fashion similar to Hfq 
and affect processing and interaction. An 
Argonaute-like protein with a function 
that resembles Hfq was recently identi- 
fied in Sinorbizobium meliloti^ We can 
therefore expect that new proteins with an 
impact on sRNA functions will be discov- 
ered in the future. 

It was demonstrated that the appA 
gene is indirectly affected by PcrZ and it 
is likely that this accounts also for some 



of the other genes with altered expres- 
sion in a PcrZ overexpression strain. 6 
Distinguishing direct from indirect tar- 
gets as well as identification of further 
PcrZ targets are future tasks. Likewise, it 
will be an exciting topic to identify addi- 
tional sRNAs that regulate photosynthesis 
genes in R. sphaeroides and other bacteria. 
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